The interaction of polynucleotides to form helical structures results in characteristic changes in the infrared spectra1-4 in aqueous (D20) solution. Although the origin of these spectral changes is complex and not at present understood in detail,1' 5 5a it appears from all observations to date that when a carbonyl group in a nucleotide base is hydrogen-bonded to another polynucleotide chain in a helix, there is an increase in the vibrational frequency of that carbonyl group. We now propose this frequency shift as an empirical criterion of interbase hydrogen bonding in a helix, and apply the criterion in support of the structure proposed for poly (A + 2U) based on the hydrogen bonding scheme I. A stereochemically satisfactory threedimensional model of the proposed structure has been constructed.
The interaction of polynucleotides to form helical structures results in characteristic changes in the infrared spectra1-4 in aqueous (D20) solution. Although the origin of these spectral changes is complex and not at present understood in detail, 1' 5 5a it appears from all observations to date that when a carbonyl group in a nucleotide base is hydrogen-bonded to another polynucleotide chain in a helix, there is an increase in the vibrational frequency of that carbonyl group. We now propose this frequency shift as an empirical criterion of interbase hydrogen bonding in a helix, and apply the criterion in support of the structure proposed for poly (A + 2U) based on the hydrogen bonding scheme I. A stereochemically satisfactory threedimensional model of the proposed structure has been constructed.
The essential conclusion which we derive from the infrared spectrum of the threestranded helix ( Fig. 1) is that the uracils in the two poly U strands are hydrogenbonded to the adenine in the poly A strand by different oxygen atoms. This conclusion requires only that the 1691 cm-1 band and the 1657 cm-' band of uridine involve the vibrations of different oxygen atoms and is independent of which assignment is made of the bands. A correct assignment is important, however, for the two-stranded helix, poly (A + U). From synthesis and spectroscopic observation of uridine-4-O8 we have obtained evidence that the two bands in question do have predominant contributions from the vibrations of different oxygens and that the higher frequency band has a major contribution from a C2-O vibration and the 1657 cm-1 band from a C4-O vibration.
Materials and Methods.-The infrared spectra of D20 solutions were measured with a Beckman IR-7 spectrophotometer using matched CaF2 cells of fixed path length. 14 The spectra were digitized at 1.25 cm-' intervals with a Gerber X-Y reader and normalized to an extinction coefficient basis with a Honeywell-800 computer, as described in a recent communication. Three-dimensional models of total polymer phosphate. the helices discussed here were constructed using models made by Cambridge Repetition Engineers (2 cm = 1 A). We adopted the dimensions of the bases found by Hoogsteen7 in the AT pair / and used them to form the bonding schemes shown in I and II. chains attached by their 1'-carbons to the grooved brass rods. The plates can be rotated about the axis, and various sugar-phosphate conformations can be conveniently observed.
Discussion.-Band assignment: While in general it is difficult to interpret the infrared spectra of large molecules, some of the vibrations in complex molecules may, to a first approximation, be considered to be primarily localized in a stretching motion between two of the atoms in the molecule. The practical application of this approximation had led to the recognition of characteristic group frequencies, 8' 9 the theoretical basis and limitations of which have been discussed by Herzberg.10 We shall limit our attention to vibrations in the double-bond region, and particularly to carbonyl vibrations, for which the approximation of a diatomic vibration (strongly coupled in the case of conjugated unsaturation) may have sufficient validity to be structurally useful. PROC. N. A. S. Our band assignments of nucleoside spectra have been based upon studies of alkylated model compounds, l l l 12 upon the effect of deuterium exchange, and upon isotopic synthesis' with 018. We have recently prepared inosine-6-08, inosinic acid-6-018, and guanosine-6-08 by enzymic deamination in D201. These 018 compounds showed a decrease in frequency of 14 cm-', confirming the carbonyl assignment of the appropriate bands, but indicating strong coupling with other bonds in the ring.'4 Uridine-4-0'8 (Fig. 2) showed a more complex isotope effect, with frequency decreases of both the 1657 cm-' (-5 cm-') and the 1618 cm-' bands (-12 cm-1), but no frequency change of the 1691 cm-l band. For the present purpose it suffices that the isotopic experiment supports the contribution of a C4-O vibration to the 1657 cm-' band, but not to the 1691 cm-' band. A detailed interpretation of the two lower frequency bands'5 must await further work but is not essential to the structural conclusions reached here.
Frequency changes upon helix formation: The infrared spectra of polynucleotide helices which we have so far observed show an increase in the frequency of carbonyl bands upon helix formation if a carbonyl group is hydrogen-bonded to a base of a complementary polymer chain (summary, Table 1 ), but no increase if it is not so bonded. Thus, in poly (A + U) (Fig. 1, Table 1 ) we observe that the C4 carbonyl, which is hydrogen-bonded in the Watson-Crick structure, has undergone a frequency increase of 15 cm-, while the C2 carbonyl, which is not bonded, is unchanged in frequency.
Poly (A + 2U), on the other hand, shows a quite different spectral pattern (Fig. 1,  Table 1 ). Here the high frequency band is at 1696 cin-' instead of 1691 cm-', observed in poly (A + U). We interpret this band as a composite of a bonded C2 carbonyl vibration (of higher frequency than the corresponding band in poly U) in the U2 strand (scheme I) and an unbonded C2 carbonyl band (unchanged from the uninteracted poly U frequency) in the U, strand. A second major difference in the poly (A + 2U) spectrum is the presence of a strong 1657 cm-' band, absent in poly (A + U) but present in poly U. This band is assigned to the unbonded C4 carbonyl of the U2 strand in structure I. The band at -1677 cm-' is common to both spectra and is attributed to the bonded C4 carbonyl in the U, strand of I. ' The symbol (U) after the assignment indicates that the carbonyl oxygen is unbonded to the other helical strand; the symbol (B) indicates that it is bonded to the other helical strand. It is understood that in aqueous solution all "free" carbonyls are bonded to the solvent.
d This band is considered to result from the overlap of a C2 = 0 (U) band in the Ui strand and a C2 = 0 (B) in the U2 strand. The assignments for this helix are made in accordance with structure I.
e The term "random coil" is used for convenience. Poly C has a considerable amount of order in neutral solution.
These interpretations are consistent with the condition that the two uridine strands be bonded by different oxygen atoms, as well as with more detailed assignments of the uridine bands.
In the original paper16 describing the formation of a three-stranded helix poly (A + 2U), a different bonding arrangement (II) for the third strand was suggested. Since scheme II involves bonding to the same carbonyl in both poly U strands, however, the arguments outlined above lead us to consider that this arrangement is much less compatible with the solution infrared spectra than is I. The possibility that there is bonding to the same carbonyl group in both strands of poly (A + 2U) but with different frequency shifts because of the different chemical environments of the two strands in I is made unlikely by consideration of the spectrum of poly (A + 2I) in Figure 2 . This helix '7 in all probability has the structure III, since an arrangement analogous to I is not possible for inosine (in rical than that of poly I. Thus, the difference in environment of the two strands in III does not result in detectably different frequency shifts of the same carbonyl group in different strands and would be unlikely to do so in II. The bonding arrangement between strands A and U2 in I has recently been observed in a mixed crystal' (adenosine-5-bromo-uridine), suggesting that there is nothing inherently improbable about such a bonding scheme.
We may draw a further, tentative conclusion from one of the noncarbonyl vibrations in the two poly A-poly U helices. The virtual disappearance of the adenosine ring band in the three-stranded helix ( Fig. 1 ; band at '.'1630) suggests that there is an additional point of interaction at the adenine ring, presumably a hydrogen bond, the only plausible position for such a bond being N-7, as in both I and II. When both the amino group and the N-1 position are bonded, as in poly (A + U), there is a decrease in the intensity of the adenosine band, though not nearly as great as in the three-stranded helix. An analogous case of a large reduction in intensity of the purine ring vibration,4 in which the N-7 position is believed from X-ray evidence19 to be hydrogen-bonded, is that of the 5' and the 3'-GMP gels.
Stereochemical considerations: We have built a stereochemically satisfactory model of I, adopting Hoogsteen's dimensions for A from the AT pair since they are based on the only precise crystallographic analysis reported for an unprotonated 9-substituted adenine. It is quite possible that the base dimensions in the helix may depart from these values and that, in fact, helix formation may lead to minor deviations from "standard" dimensions, producing a better fit between the bases and more favorable orientations for the ribose-phosphate chains. 20 Structure I has strands U, and U2 antiparallel to strand A. Structure II has strand U, antiparallel to strands A and U2, in both cases maintaining an anticonformational relationship between the bases and the sugars. In addition to this difference in polarity of the chains, structure II places strands A and U, in closer proximity than I and may involve closer approach of the phosphates in the two chains, though at the present time it does not appear to be possible to rule out either structure purely on stereochemical grounds. Our proposal of structure I is based on the infrared evidence presented above.
